The cloned pro-B-lymphocyte murine leukemic cell line GB2, was established from a leukemic Max41 x E-myc double transgenic mouse. Its Igh alleles are rearranged and its surface markers are primarily B-lymphoid, but a small proportion of the cells also express surface Gr-1 and some cells develop the morphology of maturing granulocytes. The cell line grows continuously in suspension culture without the addition of growth factors, but expresses mRNA for M-CSF, TPO and Flt-3-ligand. When stimulated in agar cultures by GM-CSF, G-CSF, M-CSF, IL-3, SCF, IL-6, leukemia inhibitory factor (LIF), IL-5 or IFN␥, GB2 cells generated blast colonies or colonies of maturing granulocytes and macrophages. There was a striking similarity in colony types, relative colony numbers and maturation of colony cells to those formed by normal bone marrow cells in response to the same stimuli. GB2 blast colony-forming cells exhibited self-renewal as well as an ability to form granulocytemacrophage colony-forming progeny, with evidence that a hierarchical sequence of clonogenic cells is generated in the cell line even after subcloning. Factor-specific maturation was clearly initiated by the action of the added growth factors. In contrast, FACS-sorting experiments showed that commitment to various types of colony-forming cell occurs in maintenance suspension cultures in the apparent absence of potentially relevant growth factors. Leukemia (2000) 14, 1785-1795.
Introduction
Decisions made by hematopoietic stem cells -whether to selfrenew or to generate progeny that become committed to maturation in various lineages -are of critical importance, both for sustaining the hematopoietic population, and for generating a balanced population of maturing cells in the various lineages. An acquired perturbation of this process appears to be one of the abnormalities necessary for the initiation and expansion of a leukemic clone. 1 The intracellular mechanisms involved in differentiation commitment and whether these can be modified by extrinsic regulators have proved difficult questions to analyze experimentally. 2 No method exists for clonally culturing normal stem cells that have an unequivocal capacity for self-renewal. Analysis of hematopoietic colonies formed by normal marrow cells in semisolid cultures reveals them to be formed by cells that seem already to have undergone commitment in vivo under conditions not readily able to be characterized.
Commitment processes in leukemic cells may not mimic in detail those in normal cells, but studies on suitable leukemic cells may shed additional light on the nature and control of commitment and maturation induction.
Two quite different leukemic systems have had extensive analysis. In the first, established autonomous murine leukemic cell lines like M1 or WEHI-3B have been used. These cells are able to generate undifferentiated colonies in unstimulated Correspondence: D Metcalf; Fax: 61 3 9347 0852 Received 11 July 2000; accepted 28 July 2000 semisolid cultures and the cells exhibit a high capacity for self-renewal in that most colony cells are themselves clonogenic. Differentiation can, however, be induced and selfrenewal suppressed in M1 cells by IL-6, leukemia inhibitory factor (LIF) or oncostatin M [3] [4] [5] and comparable responses can be induced in WEHI-3B cells by G-CSF. 6 However, this type of induced commitment results in a relatively uniform population of maturing colonies with no close resemblance to the heterogeneity of clonogenic populations in normal marrow. In the second model, the behavior of primary human leukemic cells has been analyzed, as best exemplified by the analysis of chronic myeloid leukemic cells. The clonogenic cells in this population are of leukemic origin, but are wholly growth factor-dependent, and the progeny colony cells exhibit good maturation, but have little or no clonogenic potential. 7, 8 In this situation, it is quite unclear whether the mandatory use of growth factors to stimulate cell division has had an unforseen consequence of enforcing differentiation commitment in the responding cells.
There is value therefore in analyzing at a clonal level alternative leukemic cell lines which are growth factor-responsive, exhibit some capacity for self-renewal and have a capacity to undergo reasonably sophisticated differentiation commitment. In previous studies, 9 ,10 cells of the murine leukemic PGM-1 line with markers of B-lineage commitment were shown to have a capacity for self-renewal in suspension culture but to generate colonies of maturing granulocytic and macrophage cells in semisolid cultures when stimulated by colonystimulating factors.
The present studies were undertaken on a newly isolated cloned murine pro-B leukemia cell line (GB2) to determine whether cells could be identified with a self-renewal capacity or a capacity for differentiation commitment in clonal cultures. Certain GB2 cells were found to exhibit self-renewal capacity, but were also able to generate a heterogeneous population of committed granulocyte-macrophage progenitor cells that reproduce with remarkable fidelity the types of committed progenitor cells in normal mouse bone marrow.
Materials and methods

Suspension cell culture
Cells were cultured in Dulbecco's modified Eagle's medium (DMEM) (Gibco, Life Technologies, Grand Island, NY, USA) supplemented with 10% fetal calf serum, 5 × 10 −5 m 2-mercaptoethanol and 100 m asparagine at 37°C in 10% CO 2 in air.
Aliquots of GB2 cells were frozen in 10% DMSO medium in liquid nitrogen and thawed cells shown to have the same potentialities as the parental cells. Cells were routinely checked for mycoplasma contamination with negative results.
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Immunofluorescence staining, flow cytometry and cell fractionation
Cells were preincubated with Fc␥ receptor-blocking 2.4G2 antibody and 1% rat serum to prevent non-specific binding of antibodies, then stained with relevant fluorescein isothiocyanate-labeled (FITC) or biotin-labeled monoclonal antibodies. The latter were revealed with phycoerythrin-conjugated streptavidin. Flow cytometric analysis of cells excluding propidium iodide was performed using a FACSan (Becton Dickinson, San Jose, CA, USA) using Cell Quest and WEASEL software.
For fractionation, cells were stained as described above then highly and weakly positive cells were separated using a FACSII or FACStar+ sorter and collected in fresh medium at room temperature.
DNA analysis
High molecular weight DNA (10 g) was digested overnight at 37°C with 5 U/g of the relevant restriction endonuclease. Resulting restriction fragments were electrophoresed and transferred to a Genescreen-plus nylon membrane. After baking at 80°C for 2 h, the filter was hybridized to a JH4 probe in a dextran sulfate-based hybridization buffer overnight at 65°C. Washes were performed at room temperature for 2 × 20 min in 2 × SSC; 0.1% SDS and at 65°C for 15 min in 0.1 × SSC; 0.1% SDS. The filter was autoradiographed overnight with intensifying screens at −70°C.
Semi-quantitative reverse-transcriptase PCR
5 × 10 7 GB2 cells in log phase were lysed in guanidiniumisothiocyanate buffer then ultracentrifuged on a cesium chloride cushion. One g of RNase-free DNase-treated total RNA was reverse transcribed with random primers using an AMV first strand cDNA synthesis kit (Roche Diagnostics, Mannheim, Germany). In order to determine the dilution factors needed to get equal starting amounts of various cDNAs to perform the PCR reactions, a 1/100 dilution of each species was made and actin cDNA was amplified using the LightCycler SYBR Green 1 technology (Roche Molecular Biochemicals, Mannheim, Germany). Once the appropriate dilution factor was determined for each cDNA, real-time PCR amplification with an equal amount of starting cDNA was performed according to the manufacturer's instructions. PCR products were electrophoresed in 1.5% agarose gel and transferred to a nylon membrane. Filters were hybridized with the relevant oligonucleotides chosen from the middle of the amplified sequence to confirm amplification specificity. The sequences of all primers used in this study can be found at http://www.wehi.edu.au/resources/GB2/
Agar cultures
All cultures were performed in 35-mm Petri dishes using 1 ml volumes of DMEM and a final concentration of 2 × 10 −5 m 2-mercaptoethanol, 20% newborn calf serum (Hyclone, Logan, UT, USA) and 0.3% agar. Stimuli to be tested were added to the empty Petri dishes in 0.1 ml volumes prior to the addition of the GB2 cells in the agar-medium. After thorough mixing with the stimuli, the cultures were allowed to gel at room temperature then incubated for 7 days in a fully humidified atmosphere of 10% CO 2 in air. The number of GB2 cells added per culture in most experiments was 100.
After incubation, colony formation was scored (clones Ͼ50 cells) using an Olympus dissection microscope (Olympus, Tokyo, Japan) at × 35 magnifications. Each culture was then fixed by the addition of 1 ml 2.5% glutaraldehyde. Four hours later, the intact cultures were floated on to glass slides and allowed to dry. They were stained in sequence for acetylcholinesterase then with Luxol-Fast Blue and hematoxylin then mounted under coverslips. Colony formation in the entire culture was then rescored at ×100 and/or ×400 magnifications.
Recloning of colony cells
In 7-day cultures stimulated by 10 ng GM-CSF, individual granulocyte-macrophage colonies were identified, then removed using a fine Pasteur pipette and resuspended in 8 ml of agarmedium. The cell suspension was then recultured in six secondary cultures comprising duplicate cultures stimulated by 10 ng GM-CSF, 10 ng IL-3, or 10 ng LIF.
For recloning of blast colonies, primary cultures of 400 GB2 cells were stimulated by 10 ng leukemia inhibitory factor (LIF). After 7 days of incubation, individual characteristic dispersed or multicentric blast colonies were identified then removed, resuspended and recultured as above.
Delayed addition cultures
Cultures of 100 GB2 cells were initiated with no added stimulus, then at intervals during the incubation period, 0.1 ml of medium containing 10 ng GM-CSF was gently added to the surface of the cultures. These cultures were then incubated for a further 7 days before scoring as above.
Stimuli
All stimuli used were purified recombinant mouse proteins, either purified in this laboratory or purchased from Peprotech (Rocky Hill, NJ, USA). They were used at the following final concentrations in the culture: GM-CSF, G-CSF, M-CSF, IL-3, IL-5 (10 ng/ml), stem cell factor (SCF) (100 ng/ml) Flt-3 ligand (FL) (100 ng/ml), IL-6 (500 ng/ml), LIF (10 ng/ml), IFN␥ (10 ng/ml).
Results
GB2 cell line establishment, growth characteristics and morphology
The Max 41 mouse strain is an unusual transgenic line in which insertion of an E-max transgene resulted in a heritable mutation causing a severe deficiency of B-lymphoid cells and hyperproduction of neutrophilic granulocytes. 11, 12 When Max 41 mice were crossed with E-myc transgenic mice, the double transgenic mice developed pre-B leukemias. 11 Pre-B tumors originating from doubly transgenic mice with a mixed C57BL/6J-SJL/J background were serially transplanted subcutaneously twice in (C57BL/6J × SJL/J)F1 recipient mice.
Tumor cells from one such transplanted tumor were incubated in suspension culture but not passaged for a period of 3 months, the medium being replenished once approximately every 3 weeks. Most of the cells died during the first weeks of culture, and only a layer of stromal cells appeared to survive. After 2 months however, cobblestone areas of round cells became evident. A month later, autonomous growth of these cells was observed and a slowly expanding cell population emerged that typically formed cell clumps (see Figure  1a) . After cloning by limit dilution, the GB2 cell line grew as a population of 95-98% undifferentiated blast cells and a small subset of neutrophilic granulocytes at various stages of maturation ( Figure 1b) .
After more than 2 years in continuous suspension culture, the GB2 cells have retained the following characteristics: They tend to grow as large clumps and reach a density up to 2 × 10 6 cells per ml with a doubling time of 38 h. GB2 cells die if they are diluted to fewer than 100 cells per ml, differentiate into macrophages if the cultures become overgrown and can form cobblestone cell areas if co-cultured with various stromal cell lines (Figure 1c ).
Monoclonality of GB2 line
The presence of immunoglobulin heavy chain (Igh) gene rearrangements in myc/Max41 pre-B tumors and their ability to generate neutrophil granulocyte progeny in transplanted recipients have been demonstrated previously, 11 establishing that a lineage switch can occur in tumors of this type. To
Figure 1
Cells of the cloned leukemic GB2 cell line grow in suspension culture in large cellular aggregates (a) and have the morphology of undifferentiated blast cells (b). When growing on stromal underlayers, they can form cobblestone areas (c).
Leukemia assess the clonality of the GB2 cell line, the Igh gene locus was analyzed by genomic Southern blot using a JH4 probe and three different restriction enzymes ( Figure 2 ). Both alleles showed a specific rearrangement in GB2 cells compared to germline patterns in C57BL/6J and SJL/J DNA controls. The established GB2 cell line is therefore monoclonal.
GB2 cell phenotype
The presence of Igh gene rearrangements on both alleles of the GB2 cells is indicative of a B-lymphoid origin because VDJ rearrangement occurs almost exclusively in B-lymphocytes. GB2 cells were negative for T cell markers (CD3, CD4, CD8 and Thy-1.2), an erythroid marker (Ter119) and myeloid markers (Mac-1 and F4/80) ( Table 1 ). However, a subpopulation stained for Gr-1 (a granulocyte antigen) in line with the ability of GB2 cells to generate spontaneously some maturing neutrophils in culture.
GB2 cells displayed high levels of B220, Kit and CD43 but were negative for IL-7R, CD25, BP-1, m and L, and did not express components of the pro-B cell receptor complex (Ig␣ − and calnexin − ), defining them as early pro-B cells. 13 The phenotype of GB2 cells did not fit precisely into any of the defined subsets of early pro-B cells because they were B220
+
Kit
+ and CD19 − but were bimodal for HSA (60% positive) and did not express AA4.1, CD4 or Sca-1.
14 From their surface phenotype, the GB2 cells can be regarded as early pro-B cells of indeterminate stage.
Intriguingly, more than 85% of the GB2 cells expressed Sca-2 (Table 1) , the earliest marker known to be expressed by Tcell progenitors 15 and observed to be expressed by bipotential lymphoid T-B progenitors (Wu Li, personal communication), suggesting that most GB2 cells may have progenitor cell characteristics. Furthermore, 60% of the GB2 cells expressed HSA and these may represent cells that have undergone early engagement into the myelomonocytic differentiation pathway, although still retaining B cell features.
Figure 2
Rearrangement of the Igh alleles evident in GB2 cells after the use of three restriction enzymes compared with germline patterns in C57BL/6J and SJL mice. 
Production of regulatory factors and receptors by GB2 cells
RT-PCR analysis of GB2 cells revealed mRNA for M-CSF and low levels of mRNA for thrombopoietin (TPO) and Flt-3-ligand ( Figure 3 ). No mRNA was detectable for a number of other regulatory factors listed in Figure 3 . mRNA was also detected for the receptor chains IL-2R␥, gp130 and the GM-CSF/IL-3/IL-5 common ␤-chain. Microwell bioassays 16 on the conditioned medium from GB2 suspension cultures failed to detect the presence of GM-CSF, G-CSF, M-CSF or IL-3 (detection limits 100 pg/ml). The medium did not enhance the survival of GB2 cells in microwell cultures, did not stimulate their proliferation in agar cultures and did not stimulate colony formation in cultures of normal marrow cells.
Factor-dependent colony formation by GB2 cells
After 7 days of incubation of unstimulated agar cultures of 100 GB2 cells, either no proliferation was observed or at most five to 10 small clones developed that contained fewer than 50 cells. The cells in such clones were either undifferentiated or exhibited granulocytic morphology.
In cultures of 100 GB2 cells stimulated by GM-CSF, a dramatic difference was observed with the development of 40 to 75 large colonies containing up to 5000 cells (Table 2, Figure  4 ). These colonies were composed of readily identifiable granulocytes and/or macrophages and the colonies exhibited the typical morphology of the granulocyte and/or macrophage colonies that develop in cultures of normal marrow cells when stimulated by GM-CSF. 17 The only unusual feature of GB2 colonies was a tendency for colony macrophages to be stellate in shape and sometimes to resemble dendritic cells.
Stimulation of GB2 cultures by IL-3 usually resulted in the development of slightly less numerous granulocyte-macrophage colonies of smaller size, with the morphology of the colonies being similar to colonies developing in cultures of normal marrow stimulated by IL-3. 18 Very rarely, eosinophil colonies were also observed in these cultures but never megakaryocytic or erythroid colonies -even in cultures supplemented by thrombopoietin or erythropoietin. In cultures stimulated by G-CSF, small granulocytic colonies developed with the characteristic shape and size of those stimulated by G-CSF to develop in cultures of normal marrow cells 19 ( Figure 4) . Similarly, in cultures stimulated by IL-6, small numbers of granulocytic colonies developed as seen in IL-6-stimulated cultures of normal marrow cells. In cultures stimulated by M-CSF, both granulocytic and macrophage colonies developed. In this, the GB2 cells exhibited the same anomaly as Max 41 mouse bone marrow cells when stimulated by M-CSF -the formation of granulocyte-containing colonies rather than the dominant macrophage colonies stimulated to develop in cultures of normal marrow from other mouse strains. 12 
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Stimulation of GB2 cultures by stem cell factor (SCF) resulted in the formation of compact granulocytic colonies and less numerous multicentric blast colonies, again paralleling the action of SCF in normal marrow cultures. 20 Flt-3-ligand (FL) characteristically has little proliferative action on Max 41 marrow cells 21 and, duplicating this pattern, FL was not a proliferative stimulus for GB2 cells.
Three regulatory factors produced anomalous results in GB2 cultures. IL-5 was able to stimulate colony formation but the colonies did not contain eosinophils; most were composed of blast cells and the remainder of neutrophilic granulocytes. Surprisingly, LIF, which has no colony-stimulating activity for normal mouse marrow cells, 22 was a quite strong proliferative stimulus for GB2 cells in concentrations as low as 1 ng/ml, resulting in the formation of dispersed blast colonies and granulocytic colonies. Finally, interferon-␥, which has no colonystimulating activity for normal marrow cells, consistently stimulated the formation of small, tight, colonies comprised only of granulocytes ( Table 2 ).
Regulators that were inactive in stimulating colony formation by GB2 cells included erythropoietin, thrombopoietin, IL-2, oncostatin M, IL-11, IL-7, TNF␣, IL-1, TGF␤, vascular endothelial growth factor and bone morphogenic protein -3 and -4.
The overall results, exemplified by the data from a typical experiment shown diagrammatically in Figure 5 , indicated a striking similarity between the behavior of GB2 cells and that of Max 41 marrow cells. The similarities included the similar relative colony numbers stimulated by the various regulators used and the typical morphology, size and composition of the colonies developing with each regulator. The GB2 population appeared to contain blast colony-forming (pre-progenitor) cells, lineage-committed granulocyte, granulocyte-macrophage and macrophage progenitors and, rarely, eosinophil progenitors.
As shown by the data in Table 2 , summation of colony numbers developing even with two stimuli, such as GM-CSF and IL-3, gave an absolute frequency of colony-forming cells in excess of 100%. Furthermore, these cultures also developed smaller numbers of clones of sub-colony size. These were only approximately 50% as frequent as colony-forming cells, but inclusion of data on cluster-forming cells in the calculation further supports the conclusion that individual clonogenic cells must be responsive to stimulation by more than one regulatory factor.
Survival in vitro of clonogenic GB2 cells
The survival of clonogenic GB2 cells in initially unstimulated agar cultures of 100 cells was superior to that of clonogenic cells in normal marrow populations ( Figure 6 ). Normal cells exhibited a half-life of approximately 24 h, in agreement with previous studies, 23 whereas the half-life of clonogenic GB2 cells exceeded 96 h. In parallel experiments, addition of 0.1 ml of medium from unstimulated suspension cultures of GB2 cells did not influence the survival of clonogenic GB2 cells in agar cultures.
In cultures initiated without a stimulus, surviving clonogenic cells in normal marrow populations tend, when subsequently stimulated, to generate progressively smaller colonies. However, no size reduction was noted with the colonies formed by surviving GB2 clonogenic cells, and there was no selective loss of any particular clonogenic type.
The failure of GB2 cells to form colonies in unstimulated agar cultures appears not to be due to early death of the clonogenic cells but simply to the absence of a necessary stimulating factor.
Recloned GB2 cell lines recapitulate the diversity of the parental line
Although clonally-derived, the GB2 cell line might now be a stable heterogeneous mixture of preprogenitor and lineagecommitted progenitor cells that, by chance, happens to approximate the corresponding relative frequencies of such cells in normal marrow. Each subpopulation might be able to self-renew and thus maintain its relative frequency. If this were the situation, recloning of the GB2 line should produce sub-
Figure 6
Superior survival of clonogenic cells in agar cultures of 100 GB2 cells vs 25 000 C57BL/6J bone marrow cells before the delayed addition of 10 ng GM-CSF. Points are mean values ± standard deviations of colony counts from quadruplicate cultures.
lines that differ markedly from each other in their responsiveness to different growth factors or in the types of colonies able to be generated.
Three recloned sublines were developed but, as shown in Figure 7 , the recloned sublines resembled one another in the types of colony they formed with various stimuli and all three were similar in general nature to the parental GB2 line.
This outcome would be improbable if the various cell types in a heterogeneous mixture of preprogenitor and lineage-committed cells were able to be independently self-sustaining in the GB2 cell line. This leaves two other alternatives: (1) that a hierarchy of preprogenitor and lineage-committed progenitor cells is generated continuously in a reasonably constant pattern by a subset of precursor cells in the GB2 line which are the only cells able to initiate a sustainable cloned subline; or (2) that the majority of GB2 cells are genuinely uncommitted and that a consistent commitment occurs following interaction with the particular growth factor used.
The hierarchy of clonogenic cells in the GB2 line
Two types of 7-day GB2 colonies were assayed for their content of clonogenic cells: (1) blast colonies stimulated to develop by LIF; and (2) large granulocyte-macrophage colonies stimulated to develop by GM-CSF. Resuspended colony cells were recultured in duplicate secondary cultures stimulated by IL-3, GM-CSF or LIF. The secondary cultures were scored after 7 days of incubation then the cultures were fixed,
Figure 7
Colony formation in agar of three cloned sublines of GB2 cells compared with that of the parental cell line indicating the overall uniformity of the pattern of colony formation with differing stimuli (Multi-CSF = IL-3). All cultures were prepared using 100 cells and analyses were performed on stained 7-day cultures.
stained and recounted. The data obtained are shown in Figure  8 where colony-forming cell numbers have been calculated per whole donor colony based on the maximum numbers of blast colonies developing (usually in IL-3-stimulated cultures) or combined granulocyte and/or macrophage colonies (usually in GM-CSF-stimulated cultures).
Of 57 LIF-initiated blast colonies analyzed in secondary culture, 27 (47%) contained blast colony-forming cells with, for positive colonies, an average of 35 ± 40 (± s.d.) blast colony-forming cells per colony (Figure 8 ). These secondary blast colonies were identical in size and shape to the primary donor blast colonies. Thirty-one percent of LIF-initiated blast colonies contained LIF-responsive blast colony-forming cells and in three blast colonies the only clonogenic cells present were blast colony-forming cells. In sharp contrast, none of 27 large GM-CSF-initiated granulocyte-macrophage colonies analyzed contained blast colony-forming cells.
With a few exceptions, both colony types contained clonogenic cells able to form granulocyte and/or macrophage colonies (Figure 8 ). Although the number of such clonogenic cells in the two colony types covered a broadly similar range, there was a sharp difference between the two types of secondary cultures. The majority of granulocyte-macrophage colonies formed by cells from blast colonies were comparable in size and range of colony types to granulocyte-macrophage colonies developing in primary cultures of GB2 cells. In contrast, the secondary colonies formed by cells from recultured granulocyte-macrophage colonies were typically much smaller than the primary colonies, and with one exception, the secondary colonies were composed solely of macrophages. The latter secondary cultures also contained many macrophage clones that were of subcolony size, an appearance not seen in secondary cultures of blast colony cells.
The data indicated that GB2 blast colony-forming cells were capable of a substantial level of self-generation, with a capacity also to form typical granulocyte and/or macrophage 
GM colonies
Figure 8
Calculated numbers of colony-forming cells in 7-day blast colonies stimulated by leukemia inhibitory factor or large granulocyte-macrophage colonies stimulated by GM-CSF. Note that only blast colonies contain cells able to form blast colonies in secondary cultures. Although both blast and granulocyte-macrophage colonies contained similar numbers of cells able to form secondary granulocyte-macrophage colonies, those from blast colonies formed large secondary colonies while those from granulocyte-macrophage colonies formed only very small secondary colonies.
colony-forming cells. In contrast, GB2 cells forming granulocyte-macrophage colonies had no capacity to form blast colony-forming cells and no capacity for genuine self-generation, clonogenic progeny cells merely being able to form small macrophage colonies. Tertiary culture analysis of such small colonies usually showed that they lacked colony-forming cells.
The data therefore showed that blast colony-forming cells could be self-sustaining (57 cells generating a total of 945 similar blast colony-forming cells) and, in addition that a clear clonogenic hierarchy existed in the population in a sequence: blast colony-forming cells → granulocyte-macrophage colony-forming cells → cells forming small granulocyte-macrophage colonies or clusters.
Commitment of GB2 clonogenic cells has occurred prior to stimulation by regulatory factors
To establish whether commitment to form blast or other colony types was enforced by the regulator used in the agar cultures or had already occurred in suspension cultures lacking detectable regulators of the type used in the agar cultures, unstimulated suspension-cultured GB2 cells were separated by FACS fractionation to establish whether segregation of various types of colony-forming cells could be achieved.
In the absence of any information for choosing suitable membrane markers for use in this FACS fractionation, three markers were chosen -Sca-2, HSA and B220 -for which most GB2 cells were positive but where the level of positivity showed some variation. Subsets of highly-and weakly-positive cells were sorted using each marker as shown in Figure  9 and the cells were then cultured in agar with a variety of regulatory factors. What was sought in particular was evidence that fractionation had enriched blast colony-forming cells in one fraction and depleted them from the other.
Figure 9
FACS analysis of GB2 cells using antibodies to B220, HSA or Sca-2. In each panel, the two boxes indicate the cells sorted for culture on the basis of high or low positivity for the marker used.
As shown in Table 3 , which presents representative data confirmed in three similar experiments, fractionation based on all three markers achieved a significant enrichment of blast colony-forming cells in the highly positive fractions. The segregation with Sca-2 and HSA was of larger magnitude and more reproducible than that with B220. It should be noted that overall colony-forming cell frequencies were higher in the low-positive fractions than in the high-positive fractions. What is not shown in the Table is the consistent observation that the non-blast colonies formed by low-positive fractions were much smaller and contained more mature cells than the few non-blast colonies formed by high-positive fractions.
The results indicated that significant heterogeneity preexisted in the GB2 suspension cultures prior to exposure to growth factors in the agar cultures. Either the GB2 cells were already committed to blast or non-blast colony formation or were in an altered state prior to sorting in which appropriate commitment, for example, to blast colony formation, was highly likely when the agar cultures were initiated in the presence of suitable regulatory factors such as IL-3, SCF or LIF.
Discussion
The cloned murine leukemic GB2 cell line grows as a predominant population of undifferentiated blast cells and, by surface marker criteria, the cells appear to be in the early pro-B stage of the B-lymphocyte lineage, but with some markers suggestive of bipotentiality and myeloid commitment. Although maintenance of the line requires the presence of 2-mercaptoethanol, a characteristic growth requirement for lymphoid cells, B-lymphoid colonies were not able to be grown from these cells (data not shown). The markers observed on GB2 cells are not those typically present on either normal hematopoietic stem cells or lineage-committed progenitor cells but a high proportion of GB2 cells, when appropriately stimulated in agar cultures, formed colonies containing readily identifiable granulocytes and macrophages. This behavior was the more remarkable because the leukemic line is monoclonal and remains highly leukemogenic on transplantation (data not shown). Most fractionation studies indicate that lymphoid lineage cells are distinct from cells in myeloid lineages. However, exceptions to this general rule can be found with certain leukemias that usually combine B-lymphocyte and macrophage lineage markers. Thus, about 5-10% of acute leukemias in adult humans display characteristics of both pre-B and myeloid lineages. 24 Furthermore, a number of studies using immortalized lymphoid cell lines [25] [26] [27] [28] [29] or transgenic mice 11, 30 have indicated in transformed cells a repeated pattern of bipotentiality, often linking B-lymphoid and macrophage lineages. The PGM-1 cell line with B-lymphoid markers and an ability to form granulocyte-macrophage colonies in agar is a further example of this bipotentiality. 9, 10 The existence of such bipotential cells in normal murine fetal liver has been demonstrated. 31 Finally, in mice lacking pax-5, pro-B cells, although engaged into the B cell differentiation pathway, can be induced to differentiate in vitro into a variety of cell types in the presence of a proper stimulus (granulocytes, macrophages, osteoclasts, dendritic cells and NK cells) and in vivo into Tlymphocytes. 32, 33 This plasticity suggests that at least certain cells, already apparently committed to a specific lineage, may still retain a capacity to be reprogramed and differentiate into other cell types.
The GB2 cell line appears able to grow in suspension culture in an autonomous manner. This could be a consequence either of the dysregulated myc transgene present in the cells or to the genetic rearrangement induced by insertion of the E-max transgene in Max 41 mice. 11 No growth factors need to be added to sustain the growth of GB2 cells and the cells appear not to produce detectable levels of growth factors active on the cell line.
When GB2 cell concentrations were kept low (100-400 cells/ml) in agar-medium, most of the cells exhibited no capacity for proliferation although survival of the cultured cells was relatively good. The dramatic feature of the GB2 cells was the immediate ability of a high percentage of the cells, when stimulated by regulatory factors in agar culture, to generate colonies composed of readily identifiable maturing macrophages, granulocytes and, rarely, eosinophils.
Although maturation is invariable in regulator-stimulated colonies derived from normal hematopoietic cells, 34 it has been questioned whether this maturation is actively induced by regulator action or is merely occurring as a passive consequence of cell division during colony formation. Cells from a multipotential cell line where dependence on factor stimulation for survival had been reduced by overexpression of bcl-2 35 were able to undergo a significant level of maturation in the absence of added regulatory factors. Contrary data 36, 37 have documented that, when CSFs were added to cultures of appropriate undifferentiated cell lines, maturation was induced in the responding cells. Interpretation of these latter data is complicated by the need to use regulatory factors to permit the survival and proliferation of these cell lines in maintenance cultures. The possibility that potentially relevant commitment signaling had been elicited by these growth factors prior to removal of the cells for testing cannot be excluded. The present experiments with GB2 cells may have avoided this problem because the sustained proliferation of these cells as undifferentiated cells in suspension cultures was not dependent on the addition of regulatory factors. Whatever else the GB2 line reveals about hematopoiesis, it has allowed Leukemia an unequivocal documentation of the reality of regulatorinduced maturation.
The remarkable feature of the GB2 population is that it contains various preprogenitor and progenitor cells with relative frequencies and responsiveness patterns that almost exactly duplicate those of cells in normal marrow. This pattern was sustained even in subcloned GB2 lines, implying strongly that the heterogeneous population of committed progenitor cells is being generated by a small subset of multipotential stem cells in the line. Preprogenitor cells were demonstrable in the GB2 population and were shown to have the expected capacity to generate large numbers of lineage-committed progenitors. These preprogenitor cells are reasonable candidates for the stem cells of this cell line because of their clear additional capacity for self-generation. However, it remains formally possible that they might in turn be generated by a very small stem cell subset, not able to be detected in the clonal cultures.
The strikingly normal pattern of colony formation by GB2 cells when stimulated by various regulators raises a question that has remained controversial. Do regulators induce a particular pattern of lineage commitment in previously uncommitted cells (then revealed by characteristic patterns of colony formation) or is there already precommitment and the different regulators merely selectively activate particular committed cells? 38 The FACS sorting data strongly implied that commitment of GB2 cells was not dependent on the growth factors used in the agar cultures and that these growth factors were merely revealing commitment that had already occurred by mechanisms yet to be characterized.
A number of studies using insertion of receptors into hematopoietic cells, either in culture or in genetically manipulated mice, agree in indicating that the type of receptor inserted does not influence lineage commitment or maturation when cells are activated by the ligand for the inserted receptor. [39] [40] [41] Receptor chains would appear therefore not to be able to dictate particular patterns of commitment or maturation.
Despite these observations, a potential problem remains that is evident from the GB2 data. The clonogenic frequency data with various regulators indicated that individual cells must co-express more than one type of receptor. This conclusion was reinforced during the recloning experiments where individual cells were shown to respond to the following alternate stimuli: IL-3 → GM-CSF or SCF; GM-CSF → IL-3 or SCF or LIF. The problem can be posed as follows: If a cell has receptors for, and is responsive to, GM-CSF and G-CSF but receptor chains do not influence maturation patterns, why does G-CSF stimulate the formation of a small granulocyte colony and GM-CSF a large colony that might be composed of granulocytes, or macrophages or both? This same problem was encountered in early experiments using G-CSF, where normal marrow is stimulated to form small granulocyte colonies, yet clones initiated by G-CSF could form large granulocyte-macrophage colonies when transferred to GM-CSF. 19 The original explanation advanced was that G-CSF was unable to sustain the continued proliferation of clones potentially able to form granulocyte-macrophage colonies and this might also apply to GB2 colonies. However, other experiments in which portions of a developing clone were grown in parallel on M-CSF or GM-CSF showed that the morphology of the resulting macrophage colony was determined by the type of CSF used. 42 Even if commitment does not involve the action of growth factors, it remains possible therefore that growth factors can influence at least some characteristic aspects of the size or maturation of developing colonies. A similar conclusion was reached regarding certain functional activities of granulocytes in mice in which a deleted G-CSF receptor was replaced by a chimeric G-CSF/erythropoietin receptor. 41 The present GB2 cell line data, at a minimum, indicate clearly that regulator stimulation can reproducibly and promptly induce maturation in GB2 cells in the pattern expected from studies on these regulators when acting on normal marrow cells. Because GB2 cells can proliferate in carefully controlled suspension cultures with minimal maturation, the maturation inducible by added regulators seems to represent a proliferation-independent event, or, at least, one dependent on intracellular signaling that is distinct from whatever intrinsic mitotic signals drive GB2 cells.
